Abstract This work focused on determining the effect of dissolved oxygen concentration (DO) on growth and metabolism of BHK-21 cell line (host cell for recombinant proteins manufacturing and viral vaccines) cultured in two stirred tank bioreactors with different aeration-homogenization systems, as well as pH control mode. BHK-21 cell line adapted to singlecell suspension was cultured in Celligen without aeration cage (rotating gas-sparger) and Bioflo 110, at 10, 30 and 50 % air saturation (impeller for gas dispersion from sparger-ring). The pH was controlled at 7.2 as far as it was possible with gas mixtures. In other runs, at 30 and 50 % (DO) in Bioflo 110, the cells grew at pH controlled with CO 2 and NaHCO 3 solution. Glucose, lactate, glutamine, and ammonium were quantified by enzymatic methods. Cell concentration, size and specific oxygen consumption were also determined. When NaHCO 3 solution was not used, the optimal DOs were 10 and 50 % air saturation for Celligen and Bioflo 110, respectively. In this condition maximum cell concentrations were higher than 4 9 10 6 cell/mL. An increase in maximum cell concentration of 36 % was observed in batch carried out at 30 % air saturation in a classical stirred tank bioreactor (Bioflo 110) with base solution addition. The optimal parameters defined in this work allow for bioprocess developing of viral vaccines, transient protein expression and viral vector for gene therapy based on BHK-21 cell line in two stirred tank bioreactors with different agitation-aeration systems.
Introduction
Mammalian cells culture has been widely used for recombinant proteins and viral vaccines production, as well as gene therapy (Park et al. 2010; Vester et al. 2010; Merten 2006) . Among cell lines with extensive utilization for these purposes are Chinese hamster ovary (CHO), NS0 mouse myeloma, Baby hamster kidney (BHK), Human embryonic kidney 293 (HEK-293) and few human-derived cell lines (Krampe and Al-Rubeai 2010) . Specifically, BHK cells have found applications primarily in veterinarian viral vaccines (foot-and-mouth disease and rabies viruses), and recently in human recombinant therapeutic proteins such as Factor VIII (Bödeker et al. 1994; Kallel et al. 2003; Auniņ š 2010) . Microcarrier support (pseudosuspension) and suspension cell culture systems have been explored for this cell line when the scale-up of bioprocess is desired, because of monolayer culture limitations on large-scale (Kallel et al. 2003; Perrin et al. 1995; Butler 2005; Astley et al. 2007 ). Nevertheless, microcarriers increase process cost and require extra optimization steps during development like microcarrier type and concentration. To overcome these drawbacks, cell lines, including BHK, have been adapted to grow as single cells in suspension. Thus, higher cell densities and concomitant volumetric productivities could be achieved as well as the scalability of the manufacturing process becomes easier (Silva et al. 2008) .
Several bioreactors configurations have been assessed for mammalian cell culture. For suspension culture, homogeneous bioreactors similar to those for bacterial and yeast cultures can be used (Kelley et al. 2008) . Stirred tank, air-lift and bubble column bioreactors have already been operated successfully with suspension cultures of mammalian cells (Sambanis and Hu 2008; Doelle et al. 2009; Handa-Corrigan et al. 1989) . The selection of bioreactors to produce a particular biopharmaceutical from this type of animal cells has to meet special demands such as gentle aeration and agitation in order to avoid cell damage, in parallel some process parameters like pH, temperature and dissolved oxygen must be well controlled (Doelle et al. 2009 ). Concentrations of toxic metabolites (lactate and ammonia) need to be at low levels (Doelle et al. 2009; Cruz et al. 2000a ). The main goal in this task is to obtain high cell and/or product concentration.
The aims of this work was to determine the influence of aeration-homogenization system in stirred tank bioreactors at different dissolved oxygen concentrations as well as pH control mode on BHK-21 cell growth and metabolism. The results could be useful for optimizing viral vaccines production and transient heterologous protein expression. 
Materials and methods

Cell
Inoculum preparation
One milliliter of BHK-21 cells (2 9 10 6 cell/mL) was thawed and placed in a 75 cm 2 tissue culture flask (vertical position) with 30 mL of culture medium for growing. Four days later, the cell suspension was used to inoculate (0.12 9 10 6 cell/mL) consecutively other tissue culture flasks with 25 and 75 cm 2 , enough culture medium was added to reach final cellular suspensions of 10 and 30 mL, respectively. Inoculum for bioreactors was generated from 100 to 250 mL spinner flasks (Bellco Glass Inc., Vineland, NJ, USA), with operation volumes of 50 and 100 mL, respectively; the stirring speed was maintained at 30 rpm (Sci-Era quad drive stirrer system with a stirrer (Bellco Biotechnology, Vineland, NJ, USA). Spinners were previously inoculated (0.25 9 10 6 cell/mL) from 75 cm 2 tissue culture flask in the exponential phase. After 72 h, the inoculums for bioreactors were ready, the cell concentration and viability in spinners were 4.27 9 10 6 ± 0.85 9 10 6 cell/mL and 100 %, respectively. All the procedures described in this section were performed in an incubator (Thermoforma 3110, Marietta, OH, USA) at 37°C and 5 % of carbon dioxide atmosphere.
Bioreactor cultures
Batch experiments in bioreactors were carried out in a 5 L Celligen (New Brunswick Scientific, Edison, NJ) without aeration cage and 2 L Bioflo 110 (New Brunswick Scientific, Edison, NJ) at 37°C, 80 rpm, with 2 and 1 L working volumes, respectively. The initial cell concentration was 0.25 9 10 6 cell/mL. For each bioreactor, dissolved oxygen was studied at 10, 30 and 50 % air saturation throughout the batch and the pH was controlled at 7.2 until possible using a gas mixture (carbon dioxide, air, oxygen and nitrogen). Two additional experiments were performed in Bioflo 110 at 30 and 50 % air saturation with controlling pH at 7.2 during the whole batch time, adding NaHCO 3 solution (8 % m/v) when necessary. Temperature, pH and dissolved oxygen over the course of batch cultures were online acquired by an in house LabVIEW program (National Instruments, Austin, TX ,USA). Other bioreactor operation parameters and aerationhomogenization details are shown in Table 1 .
Cell counting and sizing
The cells were counted using improved Neubauer counting chamber (Precicolor, HBG, Giessen-Lützellin-den, Germany) with proper sample dilution with Phosphate Buffer Saline. Viable cells were quantified in parallel using the trypan blue exclusion method (Augusto et al. 2010) .
In some samples cell concentration and size were determined by Scepter handheld automated cell counter (Millipore, Billerica, MA, USA).
Nutrient and metabolite analysis
Five milliliter samples at different times during batches were taken. They were centrifuged at 750g for 4 min (Sorvall Biofuge Primo R Centrifuge, Thermo Electron Corp., Langenselbold, Germany). Subsequently, supernants were filtered through 0.22 lm filter (Millex-GV filter unit, Sao Paulo, Brazil) and frozen at -20°C until analysis of nutrients and metabolites.
Glucose, lactate, glutamine and glutamate concentrations from supernant samples were measured using enzyme-coupled reaction and electrochemical detection, in YSI 2700 Select Bioanalyzer (YSI Life Sciences, Yellow Springs, OH, USA).
Ammonium quantification was performed by means of enzymatic-colorimetric method at 340 nm (EnzyChrom TM Ammonia/Ammonium Assay Kit (ENH3-100), BioAssay Systems, Hayward, CA, USA). Briefly, NADH was converted to NAD ? in the presence of NH 3 , ketoglutarate and glutamate dehydrogenase. The decrease in optical density is directly proportionate to ammonium and ammonia concentration in the samples.
Estimation of maximum specific growth rate, metabolite synthesis and nutrient consumption factors Maximum specific growth rate, l max , was calculated by plotting natural logarithm of viable cell concentration versus time during exponential phase (Augusto et al. 2010) .
Metabolite (lactate, glutamate and ammonium) to cell yield YM x for a given period was determined as Eq. 1:
where M(t x ) and X v (t x ) are metabolite and cell concentration for a specific moment of the cell culture. Nutrient (glucose and glutamine) consumption to cell yield YN x for a given period was calculated as Eq. 2: 
Cell specific oxygen consumption rate
The cell specific oxygen uptake rate (qO 2 , nmol O 2 cell -1 min -1 ) was determined by dynamic method without modifications. It was quantified from the depletion in the dissolved oxygen concentration after stopping the gas flow. In this condition the mass balance for the dissolved oxygen can be simplified as Eq. 4. The qO 2 is obtained as the rate of oxygen uptake ratio (OUR d ) and cell concentration (X v ). OUR d is calculated from the slope of the plot of dissolved oxygen concentration versus time after stopping gas flow (Eq. 4) (Garcia-Ochoa et al. 2010 ). The procedure was repeated at several moments during the batch experiment. Specific oxygen consumption rate were calculated assuming air saturation concentration of 0.21 mM for oxygen at 37°C (Cruz et al. 2000a) .
is the accumulation of oxygen in the liquid phase.
Results
Influence of aeration-homogenization system in stirred tank bioreactors, dissolved oxygen concentration (batches performed without base addition to control pH)
The optimal dissolved oxygen concentration for batch experiments without NaHCO 3 solution (8 % m/v) addition was different for each bioreactor under study. The highest maximum cell concentrations were 4.34 9 10 6 cell/mL and 4.59 9 10 6 cell/mL for Bioflo 110 (50 % DO) and Celligen (10 % DO), respectively ( Table 2) . As a rule the best batch cultures (maximum cell concentration as a criterion) with this kind of partial pH control were associated to longer times of culture with pH values oscillating around 7.2. The pH decrease for Bioflo 110 (50 % DO) and Celligen (10 % DO) appeared at 2.75 and 2.32 days, in that order (Fig. 1) . Simultaneously, the ammonium and lactate synthesis factors were lower than those related to other batches performed at different DO in this pH control condition ( Table 2 ). The glutamine and glucose metabolism at optimal DO conditions were more efficient. Specifically, for glucose, values of lactate-glucose conversion factors were the lowest and distant of 2 (theoretical value for total conversion to lactate) ( Table 2 ).
The l max values were in the 1.30-1.93 day -1 and 1.49-1.81 day -1 ranges for Bioflo 110 and Celligen, respectively ( Table 2 ). The end of exponential phase in all experiments was around 2 days after bioreactor inoculation (Fig. 2) . In almost all experiments, the viability was inferior to 90 % after 4 days from the inoculum, the exception was the batch performed in Celligen at 10 % DO (cell viability = 92.9 %) (Fig. 2d) . This batch matched with the lowest ammonium synthesis (Table 2) .
Influence of pH control mode
When pH was controlled during the whole batch, similar (50 % DO) and improved (30 % DO) values of maximum cell concentrations with respect to those for batches without base solution addition were observed (Table 2; Fig. 2) . Concurrently, the glucose was totally exhausted (Fig. 2) .
Glutamine consumption to cell yields for the batch performed at 30 % DO with base addition was lower than the same batch without NaHCO 3 solution (8 % m/v) addition at the end of the exponential phase (36 %) and maximum cell concentration (39 %), meanwhile the same values for this parameter were observed at 50 % DO with both pH control modes (Table 2) . Besides, the yield of lactate and ammonium per cell were also inferior at 30 % DO with base addition with respect to similar batches without base addition. Opposite performance was observed at 50 % DO (Table 2) .
General findings
Discrepancies between cell counting by hemocytometer and scepter handheld automated cell counter were detected. This was most evident for cell concentration higher than 3.5 9 10 6 cell/mL (Table 2) . Probably, the changes of culture medium at high cell concentration interfere in impedance-based particle detection used by the scepter counter.
The oxygen cell consumption was higher in batches performed without base addition in Celligen. However, in both experimental conditions, a decrease in the cell specific oxygen consumption rate throughout the experiment was confirmed (Fig. 3) . At the end of the batches, the qO 2 values were similar (1.14-4.75 10
nmol O 2 cell -1 min -1 ). A similar inverse relationship between cell size and culture time was also observed. As a conclusion, for this parameter, highest maximum cell concentrations were associated to smallest cell size at the end of batch culture. When maximum cell 
concentrations were higher than 4 9 10 6 cell/mL, the cell sizes were smaller than 11 lm (Fig. 4) .
Discussion
Despite the high number of publications about BHK-21 culture in bioreactors and metabolism (Kallel et al. 2003; Perrin et al. 1995; Teixeira et al. 2005; Cruz et al. 2000b) , combined studies about different bioreactors assessment at different dissolved oxygen concentrations are not often addressed. Similarly, the impact of pH control mode (with or without base addition) is not usually set.
In the present work a classical stirred tank bioreactor (Bioflo 110) was compared to a modified cell lift impeller bioreactor (Celligen) (Mirro and Voll 2009 ).
The modifications consisted of removing the aeration cage (useful for cell culture with microcarriers) and the working volume level was lower in relation to the discharge ports. Thus, the agitation device was a rotating gas-sparger. To avoid cell damage caused by shear forces resulting from mechanical agitation and aeration, it was included in culture medium composition, Pluronic F-68 (0.2 % m/v) was included in culture medium composition, its protecting effect was reinforced with fetal bovine serum addition (MolinaGrima et al. 1997 ).
The maximum cell concentrations (1.85-4.94 9 10 6 cell/mL, Table 2 ) for both bioreactors under study, operating in different conditions, were higher or similar to other reported values for this parameter in BHK-21 or recombinant BHK-21 cells suspension cultures using fetal bovine serum or serum-free or protein-free media in batch mode (1-3.2 9 10 6 cell/ mL) (Handa-Corrigan et al. 1989; Cruz et al. 2002; Moreira et al. 1995; Ishaque et al. 2007 ). In general, the studies related with increase of cell concentration in BHK-21 cell lines are focused on the optimization of the glutamine and glucose metabolism (Cruz et al. 2000a; Cruz et al. 2000b; Butler and Jenkins 1989) . Rarely, the influence of cell physical environment and the concentration of other important molecule for both metabolic pathways, oxygen, are explored for this purpose. In the present work, low glucose and glutamine consumption to cell yield, as well as low lactateglucose and ammonium-glutamine yield coefficients were observed in both bioreactors when highest maximum cell concentrations were reached (Table 2) . This suggests that 10 and 50 % DO for Celligen and Bioflo 110 (without base addition) are proper conditions for more efficient glucose and glutamine metabolism of BHK-21 cell with a culture medium with 4 g/ L of glucose and 3.72 mM of glutamine. The earlier drop of initial pH (7.2) (Fig. 1 ) in those experiments with low values of maximum cell concentration could be explained by the high production of lactate and ammonium, metabolites responsible for pH decrease and growth inhibition (Cruz et al. 2000a ). However, carbon dioxide (CO 2 ) accumulation effect (inducing pH decrease) in culture media should not be neglected. The differences between optimal DO for each bioreactor could be justified by different efficient conditions for CO 2 stripping out. It has been reported that aeration systems designed for effective oxygen transfer will not necessarily be efficient for CO 2 removal (Birch 2010) . Probably, gas mixtures to keep constant low DO (10 %) are suitable to CO 2 stripping from culture broth and favoring BHK-21 metabolism and respiration in a stirred tank bioreactor with a rotating gas-sparger (Celligen with modifications).
The effective pH control throughout the whole batch prevents the intracellular acidification and as a consequence, normal cell physiology is guaranteed. Thus the negative effects of lactate and ammonium ions is reduced, because of the reduction of their intrinsic toxicity and osmolarity effects. Therefore, the improvement of maximum cell concentration and glutamine consumption to cell yield at 30 % DO in the Bioflo 110 as well as the total glucose total consumption (30 and 50 % DO) when base solution was added is justified by this pH control mode in bioreactor (Table 2 ; Fig. 2b, e) . However, an increase in the maximum cell concentration was not observed at 50 % DO. Probably, the bioconversion yield (YGln Celligen-30% DO Celligen-50% OD Bioflo 110-30% DO (NaHCO3 addition) Bioflo 110-50% DO (NaHCO3 addition) Fig. 3 Cell specific oxygen consumption rate profile for batches performed in different bioreactors with or without NaHCO 3 addition mixture compositions at this DO are able to maintain pH constant until the minimum limit value for glutamine consumption to cell yield for BHK-21 cell line at 50 % DO. Thus, it was demonstrated that base addition to control pH at 7.2 was not necessary to improved maximum cell concentration at 50 % DO in the Bioflo 110 bioreactor (Figs. 1a, 2c, h ). Based on the direct relationship between the end of the exponential phase and glutamine depletion, glutamine could be considered the limiting substrate. However, the increase of this amino acid concentration in culture medium is not a suitable alternative in order to increase maximum cell concentration because high ammonium synthesis could be induced at glutamine concentration above 4 mM (Butler and Jenkins 1989) . Ammonium levels for this culture medium (3.72 mM of glutamine) were already high enough to promote apoptosis in BHK cells ([2 mM) (Teixeira et al. 2005) . In addition, ammonium is released by cells due to the amino acids (Schneider et al. 1996) , and not only due to glutamine metabolism; the values of Y NH 4 =Gln are much lower than 2 (theoretical value for a complete oxidation of glutamine through the tricarboxylic acid cycle) ( Table 2 ). This result suggests that glucose is the principal energetic source for BHK cells in both bioreactors in the 10-50 % DO range, in particular for Celligen 10 % DO (Table 2) . On the other hand, batch with low maximum cell concentrations in Celligen (30 and 50 % DO) were associated to high Y Glu=Gln values. This could be justified by the enhanced action of glutaminase (responsible for enzymatic glutamine degradation into glutamate and ammonium in bioreaction broth) contained in fetal bovine serum (Ozturk and Palsson 1990) , at 30 and 50 % DO in the rotating gas-sparger bioreactor ( Table 2 ).
Considering that lactate was only produced by aerobic glycolysis (lactate formation is also possible from glutamine (Schneider et al. 1996) ), more than 64 % Y Lac=Glc ¼ 1:28 À Á of glucose was metabolized following this metabolic route for all experiments (Table 2) ; the rest was metabolized through tricarboxylic acid cycle. Under normal condition, mammalian cells in bioreactors consume large amounts of glucose; nearly 90 % of this monosaccharide is converted to lactate (Mulukutla et al. 2010) . For DO concentration which ensures highest cell concentration in Celligen without aeration cage (10 % air saturation), upto 71 % of glucose was converted to lactate. With the same criterion, for the best conditions in stirred tank bioreactor assessed in this work (DO at 30 % air saturation and pH control with base solution addition), the lactate-glucose conversion percentage was at most of 66 %. Thus, the use of glucose in optimal conditions for both bioreactors was similar to other reported values for BHK-21 culture at high glucose concentrations (Y Lac=Glc , in 1.5-1.6 mol/mol range) (Cruz et al. 1999) and suitable for mammalian cell culture (much less than 90 %) (Mulukutla et al. 2010) .
The maximum lactate concentration at the end of the exponential phase among performed batches was 2.33 g/L (26 mM), for Celligen at 30 % air saturation (Fig. 2) . Therefore, the BHK-21 cell culture in conditions considered in this work should not be inhibited by lactate, because it has been reported that inhibitory lactate concentrations for BHK-21 cells were around 28 mM in suspension cultures (Cruz et al. 2000a) .
The proximity of conversion factors for two critical moments of the batch (Table 2) , the end of the exponential phase and the maximum cell concentration, was confirmed. In general, the time difference is around 12 h. This also suggests a substrate (glutamine) inhibition of growth as was previously mentioned (Radlett et al. 1971) .
The maximum specific growth rate for mammalian cells varies in the range of 0.55-1.39 day -1 (Dietmair et al. 2012) . In both Celligen and Bioflo BHK-21 cultures, the maximum specific growth rates were higher or next to the superior limit of the usual range for this variable (Table 2) . This is an important parameter for maximizing production of viruses when they are more active in cycling cells. It has been demonstrated by several authors that enhanced cell growth rates should lead to an increased viral production rate (Merten 2004) . Thus, BHK-21 cell line, culture medium and bioreactor configurations used in this study are suitable for viral vaccine manufacturing, transient protein expression and gene therapy vector production.
Regarding, cell specific oxygen uptake rates, their profiles and values for evaluated conditions in both bioreactors were similar to others as previously reported (Cruz et al. 2000a; Cruz et al. 1999) for the BHK-21 cell line at high initial glucose concentration (4 g/L). The decrease of cell specific oxygen uptake rates over the course of bioconversion could be justified by changes in medium composition and cell growth phase (Garcia-Ochoa et al. 2010; Jorjani and Ozturk 1999) . The lactate concentration increase has a direct influence on cell specific oxygen uptake rate decrease (Cruz et al. 2000a ). Higher initial cell specific oxygen uptake rates in Celligen is an evidence of more efficient glucose metabolism in this bioreactor compared to the Bioflo 110 bioreactor at the beginning of batches (Fig. 3) .
Low cell size was an indicative of the high cell concentration in both bioreactor (Figs. 2, 4) . One of the causes of this relationship could be the osmolarity increase. Higher osmolarity results in a decrease of cell volume due to the enhanced efflux of water (Seewöster and Lehmann 1997) . It has been reported that accumulation of lactate leads to high osmolarity (Li et al. 2010) . As high lactate concentrations were directly correlated with high cell concentrations (Fig. 2) , this metabolite could be the main component for the increase in osmolarity.
Conclusion
Taking into consideration the highest maximum BHK-21 cell concentration as choice criterion, best dissolved oxygen concentrations for assessed stirred tank bioreactors were 10 (rotating gas-sparger) and 50 % (with impeller for gas dispersion) air saturation. As a consequence, the impact of aeration-homogenization system on BHK-21 cell growth and metabolism was quantified. These findings are valid when no NaHCO 3 solution (8 % m/v) is added to control pH. Addition of base solution in conjunction with CO 2 in aeration mixtures could be significant, but it depends on dissolved oxygen concentration. In this work, maximum BHK-21 cell concentration at 30 % air saturation in classical stirred tank was improved in 36 % when the pH was controlled during the whole bioreaction time with respect to a similar experiment perfomed without base addition. Nevertheless, no differences were detected for 50 % air saturation for the same bioreactor. The optimal parameters defined in this work allow for bioprocess development for manufacturing of viral vaccines, transient protein expression and viral vector production for gene therapy purposes based on the use BHK-21 cells grown in suspension in two types of bioreactors operating in batch mode.
